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Abstract

Argon is one of the gases best investigated and most widely used in plasma
discharge devices for a multitude of applications that range from wavelength
reference standards to controlled fusion experiments. Reviewing atomic physics
and spectroscopic problems in various ionization stages of Ar, the past use and
future options of employing an electron beam ion trap (EBIT) for better and more
complete Ar data in the X-ray, EUV and visible spectral ranges are discussed.

1. Introduction

Spectroscopic light sources have been developed in the last
150 years that range from flames, arcs, sparks, tokamak (low-
density) and laser-produced (high-density) plasmas, foil-excited
ion beams (high-density excitation, time-resolved observation in
a low-density environment) to electron beam ion traps. They
open up for spectroscopic study all ionization stages of all
elements. The latest of the aforementioned devices, the electron
beam ion trap (EBIT), is now almost 20 years of age. It has
a number of peculiar properties that are particularly interesting
for certain spectroscopic investigations. Among these are the low
kinetic energy of the trapped ions, avoiding the much of Doppler
broadening and the need for Doppler shift correction, and the low
particle density that permits the study of spontaneous radiative
decays of atomic levels with lifetimes in the range of milliseconds
to seconds. Such decay times are typical for magnetic dipole
(M1) and similar electric-dipole forbidden transitions that are of
interest in fundamental atomic structure studies, in astrophysical
observations and for the diagnostics of fusion test plasma
devices [1, 2].

Argon is the most abundant rare gas in the atmosphere, and,
as a monatomic gas, it is also frequently used in a wide variety
of plasma discharges. One of the latest uses of argon is that of
a radiation blanket in controlled-fusion oriented machines. For
this application, spectral information on the light emission in all
wavelength ranges is essential. The web-oriented data base of the
US National Institute of Standards and Technology (NIST) lists
about 900 lines of Ar in many charge states in the wavelength range
from soft-X-ray to the near infrared at 850 nm [3]. Certainly much
more information is available in the literature (see, for example,
[4]), though apparently not always of a quality sufficient to merit
acceptance into the NIST tables.

However, there also are surprises that result from the choice
of light sources. For example, there are studies of various parts of
the argon spectrum that employ foil-excited fast ion beams, and
there are studies of argon under ion beam irradiation [5, 6]: the
richness in spectral lines has defied complete analysis for either
light source. Moreover, the spectra clearly differ for prompt
(within a few nanoseconds) or delayed light emission (within a
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few hundred ns) after an excitation pulse, just as delayed beam-foil
spectra (recorded while observing the ion beam at a position a few
mm or cm after leaving the exciter foil, and thus some 100 ps to
a dozen ns after excitation) [7, 8] are very different in appearance
from prompt ones. Consequently time-resolution can be a very
valuable tool in spectroscopy, and low-density light sources that
permit studies on the millisecond time scale may reveal spectral
information that cannot be gained from standard light sources
in which collisions quench long-lived levels within nano- or at
best microseconds. Low particle density is also a key to obtain
laboratory spectra that resemble astrophysical spectra.

Isurvey here atomic physics problems that relate to the various
charge states of argon, many of which have already been studied
using electron beam ion traps. I discuss what the advantage
is of employing an electron beam ion trap, a preeminent low-
density light source, and why it is a promising choice for further
experiments — not only on argon.

2. Experimental procedures with electron beam ion traps

The first electron beam ion traps (EBIT-1, SuperEBIT and EBIT-
II) [9, 10] have been constructed at the University of California
Lawrence Livermore National Laboratory (LLNL). In an electron
beam ion trap, atoms are ionized by electron-atom collisions and
then trapped. While being trapped in a combination of electric and
magnetic fields, the “stationary” ions are further bombarded by the
same electron beam. This is kinematically inverse to the process
of excitation in ion-accelerator experiments in which a fast ion
beam is passed through a thin foil that acts as a stationary electron
target. SuperEBIT can reach electrons energies of up to 250keV,
which is sufficient to completely ionize uranium, whereas a fast
uranium ion beam needs acceleration to about 500 MeV /nucleon
to reach the same bare ion state [11]. SuperEBIT can also run
at very low electron energies (below 100eV) in the trap region
[12], by adjustment of the drift tube voltages independently of the
floating electron gun voltage. For most of the work on Ar, electron
energies between 80eV and 20keV are used, with electron beam
currents up to 100 mA at the higher energies. The intense electron
beam is guided and compressed to about 60 to 70 um diameter
[10, 13] by a strong (3 to 5T) magnetic field.

Argon atoms are injected into an electron beam ion trap through
a gas injector, either pulsed [14] or steady-state. The ultra-high
vacuum (UHV) gas plume intersects the electron beam. Any ions
formed are then attracted by the space charge of the electron beam,
being also confined radially by the magnetic field and axially by
suitable electric potential steps. Since the electron beam intersects
the trap volume, further electron-ion collisions take place, and
stepwise ionization and some recombination take place. Under
appropriate vacuum conditions, for any element the highest charge
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Fig. 1. Tonization potentials of Ar ions. The K-shell ionization energies of He-like
Ar'6t and H-like Ar'7 ions amount to several keV. In an electron beam ion trap
with an electron beam energy of about 400 eV (which is low for typical operations),
all low charge state ions are rapidly ionized up to ¢ = 8+.

state reached is simply determined by the ionization potential of
that ion species (Fig. 1). This implies that by lowering the electron
beam energy below a certain threshold (the ionization potential
of the next-lower charge state ion), a given charge state (and all
higher ones) can be suppressed. Such selectivity is very helpful
for the analysis of multi-line spectra [15, 16].

Continuous gas injection, however, has side effects. As neutral
atoms are supplied all the time and then ionized, ions of all
charge states up to the maximum are present, and the operating
conditions may shift the charge state balance, but without fully
suppressing low charge state ions. The same intermediate charge
state ions can thus be produced either as near-maximum
charge state ions reached at relatively low electron beam energies
(under good vacuum conditions), or as transient products when
running at high electron beam energies. The latter case regularly
permits to operate at higher electron beam currents. This in turn
yields a higher signal rate (proportional to both the electron beam
current I, and the density of ions and thus to If), but at the
cost of clean operating conditions. For example, in time-resolved
measurements, the recombination of ions in higher charge states
can play a detrimental role [17].

For measurements of long atomic lifetimes (ps to many ms),
the electron beam energy can either be modulated around the
production threshold of the level of interest or can be fully
switched off and on [18-20]. In the latter mode of operation, the
ions remain confined by the electron beam ion trap in its magnetic
trapping mode [18, 21] where operation corresponds to that of a
Penning trap. For the measurement of very short level lifetimes
(fs range), the ion temperature in the trap can be lowered so much
that the Doppler width of a spectral line can be smaller than the
line width associated with the uncertainty principle [22].

3. Physics topics and isoelectronic sequences

3.1. H-like Ar XVIII

One usually assumes of one-electron (hydrogen-like) ions that it
is possible to calculate their structure precisely and reliably, so
that very precise measurements can test intricate contributions
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to atomic structure, in particular the radiative or quantum
electrodynamic (QED) contributions, most notably the Lamb
shift. With the aim of determining the 2s Lamb shift, the term
separation of the 2s;/, and 2p;,, levels, fast Ar'" jon beams
have been passed through magnetic fields so that the motional
electric fields would Stark-mix the n = 2 levels. This effected a
progressive shortening of the 2s level lifetime with increasing B
field strength, from which the zero-field level separation could be
determined with a precision of about 1% [23].

Because of the n~3 scaling of the Lamb shift as a function
of principal quantum number 7, the n =1 Lamb shift is a
factor of eight larger than the n = 2 Lamb shift, but to measure
it requires a more precise measurement of a large entity, the
n = 1 — 2 transition energy. Fast-ion beams have been employed
in this quest first [24, 25], but the measurements were limited
in accuracy by the Doppler correction necessary in observations
of fast-moving emitters. X-ray energies near 3.3keV (ArXVIII
Ly,) were determined to within 0.5eV, which is about half
of the predicted ground-state Lamb shift. The next step was
another fast beam of highly charged heavy ions, but it was not
observed directly; it served to produce much slower Ar recoil
ions by ion-atom collisions in an Ar gas target [26, 27]. While
the Doppler effect could be drastically reduced this way, the gas
target provided many collision partners from which the freshly
produced recoil ions could capture electrons, resulting in the
appearance of satellite lines. The strongest of these satellite lines,
from electrons in n = 2 levels, were modeled and then the model
spectra subtracted from the raw spectra. The remaining spectral
lines were still asymmetric because of satellites from higher-n
electrons, a contribution that then was treated by fitting line
profiles to the data. From a 5 ppm wavelength measurement the
authors derived the n = 1 Lamb shift with a precision of 1.5%
— an improvement by a factor of 30 over the preceding fast-ion
beam work.

However, the multi-step correction for satellite line contamina-
tion is not free of uncertainty, and measurements in a higher-
vacuum environment might be able to reduce the problem. One
approach has been to use a tokamak plasma device [28], but only
an n = 2 Lamb shift value to no better than 3% was obtained
from this experiment. A more precise and accurate value may
be expected from an electron beam ion trap, because the charge
state distribution can be varied in order to check for systematic
errors associated with satellite lines. Moreover, there is no notable
Doppler shift, the excitation processes do not favour core-excited
states, and the vacuum is extremely good which reduces many-
body collisions that might lead to recombination and to the
population of high-lying levels. An experiment with this aim has
been started at the Oxford EBIT. The limiting problem in such
precision work is that of reference wavelengths. Many of the
earlier X-ray reference wavelength data have been found to be
less accurate than believed at the time, and practically any newly
measured element requires the calibration effort of a reference
light source first. One elegant way out is the precise determination
of the crystal lattice spacing of a crystal interferometer, a device
that then permits the direct determination of absolute wavelengths.
This technique has been demonstrated on H-like magnesium and
silicon ions stored in a Livermore electron beam ion trap [29-31],
but it has not yet been applied to H-like argon ions.

In any case, it will be difficult to challenge QED theory [32].
In uranium (Z = 92), theory for the n = 1 level Lamb shift (of
roughly 4keV) claims to be accurate to a fraction of 1eV, while
the most precise experiments have difficulty to reach the 10eV
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level. More precise are several measurements of the n = 2 Lamb
shift in Li-like U, with an uncertainty of 0.1eV [33, 34] (out of
280eV total), and even more precise results are expected from
an ongoing experiment at SuperEBIT [35]. The total Lamb shift
is much smaller in Ar. However, results of laser spectroscopic
experiments on several elements lighter than Ar [36] all fall to
one side of the predictions: it would be interesting to see whether
this trend continues to Ar and whether it signals a missing term
in the calculations that might be important only in this range
(14 < Z < 18).1tis for this reason that one of the key experiments
envisioned for the Oxford EBIT was a laser spectroscopic study of
a hydrogen-like ion (Si'3* for reasons of the available laser) [37].

3.2. He-like Ar XVII

For ground-state transitions in He-like Ar, the same techniques
as for the study of H-like ions, for example the fast-ion beam
technique [25], can be used. However, the strong lines associated
with the 1s® 'Sy — 1s2p *P? transitions have not only the 1s?
Sp — 1s2p *P§ and 1s? 'Sp — 1s2s 3S; lines nearby (the w, y,
x, and z lines, respectively, of plasma spectroscopy in the X-ray
range [38]), but also a plethora of satellite lines from core-excited
levels in Li-, Be- and B-like ions. The efficient population of
such core-excited levels in the fast-ion — foil interaction renders
beam-foil spectroscopy unsuitable for precision spectroscopy of
the resonance lines in He-like ions — there are too many satellite
lines nearby. Possibly electron capture by hydrogen-like ions in
a dilute gas target could be exploited to reduce this problem,
but an electron beam ion trap, with its very different level
population mechanism that disfavours multiply excited levels,
would probably be the better choice, with the added benefit of
avoiding the need for Doppler corrections. A study of the satellite
lines has very recently been reported from the Oxford EBIT [39],
but in these measurements the 1s —2p diagram lines in the He-like
ion, though imperfectly known, served as wavelength references.
Of course, X-ray spectra of Ar can be evaluated as well for the
purpose of determining QED contributions [40].

In the vacuum ultraviolet region, He-like ions offer access
to measurements of the n = 2 Lamb shift. The advantage over
measurements on one-electron ions is the much longer lifetime
of the n =2 triplet levels (compared to singlet levels or the
doublet levels in H-like ions), because the ground state decay
channel is largely blocked in not-too heavy ions. Consequently
spectroscopy can deal with lines (fromn = 2, An = 0 transitions)
that are not notably lifetime-broadened. The drawback of this
atomic system is the need for precise calculations of atwo-electron
ion. Meanwhile the QED calculations have reached a level of
development at which they are considered to be more accurate
than the non-QED part of the calculations of multi-electron ions.
Thus precise measurements are still very much needed, but less so
for the testing of QED contributions than for testing the dominant,
non-QED quantum mechanical part.

He-like Ar!®t, however, has been a problem child of
spectroscopy. Of the three n = 2 triplet levels of interest, the
152p *P¢ level decays predominantly [by spin-changing electric
dipole (E1) transition] to the ground state, 1s* !'Sy. The 1s2p *P§
level decays with about equal branches to the ground state (M2
transition) and to the lowest triplet level, 1s2s 3S;. The remaining
level, 1s2p 3P8, cannot decay by emission of a single photon to
the ground state and (practically) decays to the 1s2s 3S; level
only. Consequently, one expects two roughly equally weak lines
in the VUV to represent the 2s—2p transition array in Ar XVIL
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The lines have been reported from recoil ion spectra [41, 42], but
later fast-ion beam spectra [43] have cast doubt on the validity
of the earlier results. The authors of the later study see their
experiment not just as an improvement in precision, but rather
as a fundamental improvement identifying a different line than
before with the J = 0 level decay, in better agreement with their
own isoelectronic analysis in comparison to theory. They imply
that, in the earlier studies, the sought lines may have been too
weakly excited to be identified properly in comparison to the
ubiquitous lines of other (unclear) origin in any gas target under
ion irradiation. An electron beam ion trap with its controllable
charge state distribution, absence of Doppler shifts, and with a
much lower background pressure, might be helpful in providing
a ‘second opinion’.

In the X-ray range, the K, and Ky lines, theirrelative intensities,
polarization parameters, satellite lines, line profiles and other
attributes are being studied in order to learn about fusion test
plasmas [44, 45]. However, much of the plasma diagnostic
evaluation depends on theoretical modeling, and it would certainly
be advantageous to test this in a simpler situation than that
encountered in a tokamak or plasma pinch experiment. Obviously,
the better vacuum and simpler geometry of the electron beam
ion trap offers just that, and a number of electron beam ion
trap studies have already investigated these very lines of argon
[46-51]. One of these studies of the K lines employed an electron
beam ion trap (at Troitsk, Russia) that works with regular (not
superconducting) electromagnets providing a magnetic field of
about 0.65T. The vacuum in these experiments is worse than in
the cryogenic devices (p ~ 3-5-10~° Torr [50]). This did not harm
this particular experiment, since inner-shell vacancies in Ar IT and
Ar 111, that is, in singly and doubly charged ions of argon, were
studied. Interestingly, this experiment required pulsed operation
of the electron beam ion trap, in particular of the electron beam,
because a steady electron beam would have removed the outer
electrons that were of interest here. The unresolved K line profiles
were analyzed with the aid of Hartree-Fock calculations (using the
Cowan code [52]).

The Ar X-ray spectrum in the region of the prominent n = 1
to n’ =2 lines in He-like ions has been observed with high
resolution at the Princeton NSTX tokamak and at the Livermore
EBIT-II electron beam ion trap [53]. While the diagram lines
stand out, most of the satellite lines that are widely employed for
temperature and density diagnostics in various plasma discharges
are present as well. There is an amusing facet to this: The satellite
labeling scheme that has been introduced by Gabriel [38] names
26 diagram and satellite lines in He- and Li-like ions, one for
each letter of the alphabet. This scheme, however, leaves out the
M2 decay of the 152s2p *PY , level to the 15°2s >Sy 5 level. While
this level has been studied extensively by beam-foil spectroscopic
techniques, observing both the M2 and the competing Auger decay
branch (see [54] for the work on Ar), the plasma community
appears to have relied on the completeness of Gabriel’s label list.
The M2 line was seen, but was regularly subsumed as a satellite
relating to Be-like ions, as has been pointed out after revisiting this
line at the Princeton NSTX tokamak and the Livermore electron
beamion trap [53]. If only Gabriel had used a 27-letter alphabet. . .

One of the distinct lines in the X-ray spectrum of He-like
ions (Gabriel’s line z) signals the decay of the lowest triplet
level, 1s2s 3S;, that is prominent only in low-density plasmas
where the radiative decay rate exceeds the collisional quench rate
[55]. The decay rate can be calculated as a purely relativistic
process, and a great many attempts have been made to test the
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calculations by precise experiments. For elements much heavier
than argon, beam-foil spectroscopy [56] is the only method
presently available, but the precision so far has usually been
poorer than a few percent (for references, see [57-59]). For
lighter elements, the Heidelberg heavy-ion storage ring and the
Livermore electron beam ion trap have yielded lifetime results
with uncertainties as low as 0.5% [60, 61]. Historically, much
work has dealt with argon to identify and overcome the massive
systematic errors suffered in the pioneering fast-ion beam work
[62] in the lifetime range near 200 ns. Apparently the best
atomic lifetime results for the 1s2s 3S; level in Ar'®t reached an
uncertainty of about 5% [63] with a slow ion beam. However, at
the present level of calculational quality, this precision falls short
of testing theory by at least one order of magnitude. The Livermore
electron beam ion trap group has tried to reach this nanosecond
lifetime range by rapid switching of the electron beam in EBIT-II,

Spectroscopy of Argon Excited in an Electron Beam Ion Trap ~ C45
T T T T T T T
Ar XIV
Ar
1000 -
800 |- -
He Il
[2]
5
3 600 -
o
400 |- Arx -
200
0

but systematic error problems so far precluded meaningful atomic
lifetime results in the sub-us range by this technique.

At the Dresden EBIT (a room temperature electron beam ion
trap), X-ray spectra of He-like Ar have been used to investigate
trap properties and ion production [64]. The latter process
benefitted from the addition of light coolant gases such as He
and Ne, as is well known for the optimization of trapping times.
At the Berlin EBIT, the characteristic line emision and the line
ratios of satellite lines were analyzed as a means to further the
diagnostics of hot plasmas [65].

3.3. Li-like Ar XVI

Ions with a single electron outside a closed-shell electron
core often feature prominent resonance lines so that these charge
states are easily recognized. In principle, theory can calculate the
structure and transition rates of such systems to high precision.
The good experimental and calculational possibilities along the
isoelectronic sequence invite cross-checks and competition.

Edlén [67] cites solar observations [68] as a reference for his
semiempirical analysis that yields wavelengths of 35.3866 nm
and 38.9075nm for the 2s-2p resonance lines in Li-like Ar'>*,
However, more than 20 years later, the NIST Atomic Spectra
Database on the WorldWideWeb [3] does not have any wavelength
entry on these lines. It is not clear whether this fact implies doubts
on the validity of the early data or only funding shortages at the
NIST Data Center. An electron beam ion trap (or a tokamak)
may be the light source of choice for a future precise laboratory
wavelength determination of the resonance lines of Ar XVI.
Accurate theoretical wavelength data have been provided by Kim
et al. [69].

The resonance transition rates and their inverse, the lifetimes
of the 2p levels of Li-like ions, are of interest in testing quantum
mechanics algorithms. For Ar'>*, the level lifetimes are in the
range of a few hundred picoseconds [73]. This is a range that
is very convenient for beam-foil spectroscopy. This isoelectronic
sequence has been studied up Kr (Z = 36) [70] where the level
lifetime is about 50 ps. The latest such study has been of Li-like
Ni ions [71].

3.4. M1 transitions in Be-like Ar XV, B-like Ar X1V, O-like

Ar XI, and F-like Ar X
In the visible-range survey spectrum of Ar as recorded at
SuperEBIT (Fig. 2), four Ar lines stand out among the few
strongest in the spectrum, in contrast to the hundreds of tabulated
known Ar lines that appear in other laboratory light sources (where
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Fig. 2. Survey spectrum of Ar in the visible range. The spectrum has been
composed of overlapping individual sections of 80 nm spectra width that have been
recorded with a 1-m normal-incidence spectrometer using a 3001/mm grating and
a CCD detector [92]. The arrows point to lines with a visibly broad foot; these
four lines arise from M1 transitions. A number of the narrow weak peaks may be
from cosmic ray events, since the rejection by filtering routines works imperfectly.
Several spectra of the same spectral section are required to judge the reproducibility
of individual spectral features.

these four lines usually do not appear). These four are lines with
very low transition probabilities that are regularly quenched by
collisions in any environment that has collision rates of a few
hundred per second or more. These lines arise from electric-dipole
forbidden transitions in multiply charged Ar ions and appear
brightly in the solar corona and similarly dilute astrophysical
plasmas [1, 72]. They evidently do the same in the electron beam
ion trap, confirming the spectacular applicability of the latter
device to many astrophysical problems.

These magnetic dipole (M1) transitions (often with a weak
electric quadrupole (E2) admixture) connect levels within the
same electron configuration, that is with the same parity, that
cannot be connected by E1 transitions. Such low-rate transitions
become observable only when no competing faster decay drains
the population of the upper level. For example, there certainly are
suchM1/E2 transitions between the 2p J = 1/2, 3/21evels of Li-
like ions, but the 2s-2p E1 transitions are faster by many orders of
magnitude so that the transitions between the fine structure levels
of the excited term are practically unobservable. In the next more
complex system, Be-like ions, there are the rather long-lived 2s2p
3P triplet levels. The J = 0 level cannot decay (by single photon
emission) to the J = 0 ground state. The next higher, J = 1, level
has an M1 decay to the J = O level of the same configuration,
but the El intercombination decay to the ground state is much
more probable, even though it requires a change of spin. The
J = 2 level is the most interesting one in this context. For light
ions, the magnetic quadrupole (M2) decay to the ground state
dominates, but for Be-like ions beyond a nuclear charge of about
Z = 12, the M1 decay to the J = 1 level is strongest [74, 75].
(An E2 decay branch to J = 0 also exists, but remains weak.) A
lifetime measurement of the 2s2p 3P5 level thus yields essentially
the inverse of an M1 transition rate in an excited configuration
(see below).
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Ground configurations usually are more highly populated than
excited configurations, and the level structure and transition rates
also more easily calculated with precision. There are many such
intra-configuration, E1-forbidden transitions in the n = 2 ground
configurations of B-like to F-like ions. Of these the B-like and
F-like ions are of practical interest, because only a single transition
each is possible in these ions (25°2p *PY , 5, and 25°2p° °P | ,
respectively), which implies that all the available intensity will be
concentrated in a single line that is more easily observed than
the multitude of individually weaker lines in the other ions.
Because of this advantage, the M1 transitions in these two ion
species were among the first recognized and their wavelengths
parameterized by Edlén [76-78]; they are included in the
comprehensive survey of forbidden transitions compiled by
Kaufman and Sugar [79].

There are four prominent M1 lines in the visible spectrum
of Ar. After observation of these lines in the Livermore EBIT
[19, 80], the first precise laboratory wavelength measurement of
any of these four lines was achieved at the Oxford EBIT [81].
Meanwhile highly precise wavelength measurements of all four
Ar M1 lines have been reported by the Heidelberg EBIT group
[85]. Three of these lines have been the subject of transition rate
measurements using ion traps, including the electron beam ion
traps at NIST Gaithersburg, Oxford and Livermore [19, 82—-84].

In hindsight, the lifetime results of the first attempt with the
NIST EBIT [83] and of experiments using an electrostatic ion
trap [84] appear to have suffered from unrecognized problems.
For example, in the NIST experiments the signal was found
to be best at electron beam energies far beyond (several keV)
the nominal production threshold (which is well below 1keV).
By Livermore experience (where good signal is available at
a few hundred eV above threshold) this suggests less-than-
optimum vacuum conditions. The same problem may be expected
to yield an apparent lifetime that is shorter than the true
one because of ions losses due to charge exchange. Again,
an investigation of systematic error sources at Livermore has
demonstrated this detrimental effect and how to evaluate it. The
Oxford EBIT and the Livermore EBIT-1I lifetime results on
argon [19, 82] are consistent with each other and with data for
other elements in the same isoelectronic sequences (from the
Livermore electron beam ion traps and from a heavy-ion storage
ring) [86—-88]. They corroborate theoretical predictions (after
semiempirical correction for experimental term differences). In
fact, theory has the problem of estimating reliability intervals for
the calculated values, and typical estimates of the uncertainties
exceed 10%. Now the LLNL EBIT-II and the heavy-ion storage
ring measurements show that the better calculations are reliable
to at least about 2% for M1 transition rates in the ground
configurations of B-like and F-like ions, and to about 5% for
the n = 2 excited configuration in Be-like ions. The latest such
lifetime measurement, from the Heidelberg EBIT, provides a
result with an uncertainty as low as 0.22% for B-like Ar [89].
At this precision, this lifetime result touches on the question
whether to use the unscreened or screened electron g-factor in
the calculation of the transition rate. Present calculations agree
with the measurement only when using the unscreened value, but
why this is so, remains under discussion.

3.5. EI transitions in Be- to Ne-like Ar

The n = 2 intrashell (A = 0) electric dipole (E1) transitions of
Be- to Ne-like argon ions are in the XUV and EUV ranges. Many
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Fig. 3. Extreme-UV spectrum of Ar in the electron beam ion trap, recorded by
a flat-field spectrometer [116] equipped with a CCD camera. The marked Ar IX
lines are from 2p® — 2p33¢ transitions.

lines are known (see [4]), but few of them have merited entry
into the NIST collection of consistently precise and reliable data.
The interest in these spectral ranges has been revived by recent
results from spacecrafts such as Chandra and XMM Newton that
observe the XUV spectra of many astrophysical objects. However,
the understanding of the astrophysical spectra is hampered by
inadequate or missing laboratory data to compare with. What an
electron beam ion trap can do is illustrated by Fig. 3: a moderate-
resolution flat-field grazing incidence spectrometer [92] can fairly
quickly produce survey data for a variety of electron energies,
and the richness of the spectra that require detailed analysis is
evident. By recording overlapping spectra at a range of electron
beam energies, but with small energy increments, spectra have
been obtained [16] that reveal the rise and fall of individual lines
with the respective ion charge state fraction in the trap.

Grazing-incidence spectra are rarely diffraction limited; the
line width is usually limited by slit widths and imaging errors.
Higher spectral resolution — in principle, when using high-
groove density diffraction gratings — is available from generic
spectrometers with a narrow entrance slit, like the Schwob-
Fraenkel grazing-incidence spectrometer attached to the Berlin
EBIT [91]. This instrument employs a concave mirror to
image the light source — after a tedious alignment procedure
— onto the entrance slit of the spectrometer in order to make
best use of the available light. Especially for the spectra of
highly-charged heavy ions, such an instrument can close long-
standing observational gaps. Continuous spectral coverage (in
many overlapping exposures) has been demonstrated with this
instrument for the wavelength range from about 4nm (XUV) to
about 100nm (VUV).

3.6. Ne-like Ar IX

Another route towards higher spectral resolution employs a larger
Rowland circle. At Livermore, a flat-field spectrograph with a
radius of curvature of the grating of R = 44.3 m has been built
and attached to the electron beam ion trap [66]. This instrument
has no physical entrance slit, but relies on imaging the narrow
light emission zone onto the detector plane.

Among many others, the spectrum in Fig. 3 shows lines from
the 2p® — 2p’3s,3d transitions in Ne-like Ar IX. Only J = 1 levels
of the 2p33s,3d level manifolds can decay to the J = 0 ground
state by electric dipole (E1) transition. The decay probability of
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the 2p°3s 'P? level, in particular in low-charge members of the
isoelectronic sequence, is much higher than that of the 2p°3s *P9
level, because no spin change is needed. Nevertheless, the two
levels are intertwined by the mixing due to spin-orbit interaction,
which affects the fine structure intervals as well as the level
lifetimes. This interaction can be combined into a mixing-angle
description [93, 94] that helps to systematize level structure and
lifetime data for such pairs of levels.

The spectrum shown here demonstrates something that is
qualitatively different from beam-foil data. In the beam-foil
light source, observations are time-resolved on the picosecond
to nanosecond time scale. Decays of levels with much longer
lifetimes are so weak per unit length of observed ion beam that
the lines are practically unobservable. In our EBIT-II spectra,
however (as mentioned above), we see a second line very close to
the 2p°3s 3P‘1’ level decay at 4.9180nm [102] (4.9181nm [16]).
Taking guidance from theory [103], the second line, at 4.9338 nm
[16], is identified with the M2 ground state decay of the 2p33s 3PS
level. The remarkable point here is how E1 and M2 lines appear
equally intense in the EUV spectra of the electron beam ion trap.
This observation bodes well for the application of electron beam
ion trap observations to the interpretation of the new astrophysical
XUV data. The new Livermore flat-field spectrometer represents
an improvement by a factor of about five in spectral resolution, to
be exploited in a working range from 1 to 6 nm. The strong Ar IX
lines appear with a single 20-min exposure (Fig. 4).

In the vicinity of these lines, the otherwise strictly forbidden
Ar IX line from the 2p°3s 3Py level decay to the J = 0 ground
state has been observed, being induced by the strong magnetic
field [95]. Varying the magnetic field strength in the electron beam
ion trap between 1 T and the usual 3T, the relative intensity of the
line changed notably, qualifying this transition for a magnetic field
diagnostic.

Further recent (longer-wavelength) EUV data on Ar IX have
been reported by Antsiferov ef al. from a capillary discharge
[96]. Ne-like ions have been studied widely because of their
applicability to EUV laser schemes.

In the Ne isoelectronic sequence, the resonance and
intercombination (spin-changing) line transition rates for a while
seemed settled satisfactorily by a pair of very precise beam-
foil lifetime measurements (for Z = 16,17) [97]. However, later
scrutiny of those data in the light of systematic measurements
along the isoelectronic sequence [98—100] necessitated massive
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Fig. 4. Extreme-UV spectrum of Ar in the electron beam ion trap, recorded by a
high-resolution flat-field spectrometer equipped with a CCD camera. The marked
Ar IX lines are from 2p® — 2p33¢ transitions. Compare the resolution to the one
of the spectrum shown in Fig. 3.
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corrections to those seemingly precise data. The mixing angle
analysis of all consistent experimental lifetime data now shows
that some older beam-foil lifetime data for Ar (Z = 18) [101]
while not being very precise were still more accurate than
some later data. The available calculations for the resonance and
intercombination line transition probabilities, by the way, scatter
by a factor of two.

3.7. Na-like Ar VIII, Mg-like Ar VII, Al-like Ar VI, Si-like Ar V

3s-3p transitions in Na-like ions have been intensely studied all
across the periodic table of the elements, both for the wavelengths
and the transition rates. The wavelengths of the resonance
and intercombination transitions in Mg-like Ar VII have been
determined at a tokamak discharge and also, taking advantage
of a near perfect coincidence of the resonance line in third order
of diffraction with the intercombination line in second order, using
a fast ion beam [8].

The lifetime measurement on the resonance transitions of Na-
like Ar VIII [104] fits well into the isoelectronic trend identified by
Hutton et al. [105]. The 3s? — 3s3p transitions in Mg-like ions are
much less well covered. For example, no lifetime measurement
has yet been done on the 3s3p *P¢ level of Ar VII (for the
corresponding 2s2p 3P level in Be-like Ne VII, only a 50%-
estimate based on a plasma observation exists to date [106]). In
fact, no experimental intercombination transition rate data are
available for any Be-like ion between Ne and Fe, nor for any
Mg-like ion between Si and Fe. It is an open question whether
such ps-range level lifetimes might be better measurable with
slow ion beams (discussed in [56]) or with an electron beam ion
trap — neither one has been tried yet.

Intercombination transition wavelengths of the Al- and Si-like
ions of Ar are known only from an interpolation of (low-charge
state ion) classical light source and (higher charge state) beam-foil
data[7, 8]. A low density light source is needed for the observation,
but it ought to incorporate also low energy excitation. Possibly a
room temperature (“warm’) EBIT with its weaker magnetic field
and electron beam of lower density would be appropriate.

3.8. Lower charge states of Ar

The low charge states of argon can be produced and excited in
many conventional light sources. However, the number of lines
per spectrum in the NIST data base is high only up to Ar III,
which reflects the origin of much of the spectroscopic work in the
first third of the twentieth century, when light sources generally
did not reach higher in charge state. This lack of good data for
Ar IV and beyond implies that much more work will be needed to
bring the knowledge on the various Ar spectra closer to a practical
completion. A typical electron beam ion trap is not particularly
well suited for this task as far as relatively low charge states are
concerned, and too many charge states have ionization energies
below the range of electron beam energies preferred for stable
EBIT operation. However, this caveat mostly refers to electron
beam ion traps with strong superconducting magnets and their
typical dimensions. A warm EBIT with permanent magnets has
a lower magnetic field strength and thus compresses the electron
beam to a lesser extent. Therefore the electron density in the beam
is lower, and the dimensions of the device, in particular the length,
are smaller. It might be worthwhile to explore the low charge state
operational range of such devices for spectroscopic purposes.
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3.9. S-like Ar 111, Cl-like Ar 11

Among the forbidden (M1) transitions in the ground configuration
of S-like ArIII, the 3s>3p* 'Sy level lifetime (of order 150 ms) has
been measured by various ion trap techniques, at long last reaching
a precision of just better than 4% [107]. Unfortunately, electron
beam ion traps are not suited for studying ions in such low charge
states.

In Cl-like ions, the transitions 2s?2p° ng 212~ 2s2p° 28, /2
can be considered as the resonance transitions. In Ar II, these
lines lie in the VUV near 92.0/93.2nm. Their transition rates
have been measured repeatedly by fast-ion beam techniques two
decades ago. The first measurement that reached notable precision
in this quest (1%), however, is very recent [108]. It employed
time-resolved spectroscopy after pulsed ionization and excitation
by synchrotron light. No sufficiently good calculation of the
transition rates is available yet—the various calculations still differ
from each other and from the experimental result by 20% up to
a factor of four (see [109, 110]). Compared to such a theoretical
uncertainty, any transition rate data of reasonable reliability are an
asset, to be won in the face of rather crowded visible and near-UV
spectra that make the analysis of individual decay curves difficult.

Although electron beam ion traps are not particularly suited to
trap low-charge state ions like Ar™ and Ar>*, the spectra Ar I1T and
Ar II can readily be excited in the single pass of injected Ar atoms
through the electron beam, with the trap voltages inverted and
thus precluding ion trapping and the production of progressively
higher ionization stages. These calibration lines in the visible
spectrum are very useful for the determination of wavelengths of
few-electron heavy ions. We therefore discuss the electron beam
ion trap observations of this range in a separate section below.

4. Visible spectra

The standard reference tables are notably devoid of visible lines
associated with highly charged ions, as such energy intervals
would either correspond to transitions between high-lying levels
(and these would be visible only in the absence of competing
decay branches to low-lying levels) or to fine structure intervals,
that is to forbidden transitions. The latter have been systematized
semiempirically by Kaufman and Sugar [79, 114], but those tables
cover only the n = 2 shell and part of the n = 3 shell and are
incomplete at that.

The first visible range electron beam ion trap spectra of Ar have
been obtained at LLNL using a century-old Steinheil-design glass
prism spectrograph equipped with a CCD detector. The dispersion
was small enough to cover the wavelength range from 450 nm to
the near infrared in only two spectrometer settings, and survey
spectra of, for example, Ne [111], Ar [80, 111], Kr [111], Ba, and
Xe [112] were obtained for a series of closely spaced electron
beam energies. The appearance thresholds of certain lines in these
spectra revealed their origin with specific high charge state ions,
and a number of M1 transitions could thus be recognized and
identified (see also Fig. 2).

The above survey spectra with their limited resolution contain
many features that hint at unresolved details. In Ar spectra from
electron beam ion traps that are recorded with higher resolution,
many weak lines show, but most of these remain unidentified.
The spatial emission of these lines indicates that they originate
from the geometrical overlap zone of the ballistically injected gas
beam (under ultrahigh vacuum conditions) and the electron beam.
They do not show the trap-filling pattern of emission from highly
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charged ions. In fact, the drift tube voltages can be changed to
prevent trapping (‘inverted trap’ [113]), and even then these lines
appear, indicating that they must originate from low charge states
that are reached in a single pass through the electron beam. These
lines make for excellent calibrations of electron beam ion trap
spectra, by alternating recordings with the drift tube voltages
in the regular and inverted modes — if they can be identified
with some of the lines in spectral tables that carry exceedingly
precise wavelength values from measurements in the 1930s. Note,
however, that many of these precisely determined lines have never
been classified. A practical problem lies in the fact that relative line
intensities are so different among light sources that it is difficult
to recognize the well established lines among the many.

Interspersed between those lines from low-charge ions appear
a number of fairly intense lines which by their emission from the
whole trap length can be judged to originate from high-charge
state ions. Also, their emission zone is wider than the electron
beam, because highly charged ions are better bound by the trap and
thus can remain trapped at higher ion temperatures. At the LLNL
electron beam ion trap, a fast transmission-grating spectrometer
(TGS) has been employed for high-resolution observations in the
visible [90]. The spectra demonstrate that this line broadening may
be exploited as a tool that singles out emissions from long-lived
levels of highly charged ions. The same spectrometer was used in
combination with the inverted-trap in situ calibration technique in
the measurement of ground-state hyperfine transitions in H-like
thallium (Z = 82), TI®'* [117].

5. Conclusion and outlook

Considering that quantum mechanics is available as a tool for
the understanding of atomic structure since about 80 years,
it is remarkable to see that there are 70 year old precision
measurements of, for example, Ar spectra that as yet defy line
classification, even knowing that the respective charge states must
be fairly low.

Later developments of light sources have made all charge states
of Ar accessible to experiment. Many of the spectra are simpler for
the ions with fewer electrons, but the demands on precision and
accuracy are higher when trying to extract details of the atomic
structure and physics. For the few-electron ions, experiment seems
to be more seriously challenged than theory. For all but the highest
charge states, line identification is grossly incomplete. Even for
He-like Ar, there are transitions between relatively low-lying
levels whose identifications are still being disputed.

Traditionally less well studied than the other ranges is the
EUYV, because of the low efficiency of reflective optics and the
shortage of reference lines. The Livermore flat-field spectrograph
measurements clearly demonstrate that the light emission from an
electron beam ion trap is also sufficient for precision spectrometry
in this range. The high spectral resolution achieved matches
the needs in understanding the many details of laboratory and
astrophysical (Chandra and XMM Newton space craft) data in the
wavelength range below 10 nm. Also, time-resolved measurement
techniques deserve to be developed in order to identify and
investigate specific levels in a variety of ions that must radiate
in astrophysical light sources but remain presently unidentified
for lack of laboratory data.
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